1. Introduction {#sec1}
===============

Multiple sclerosis (MS) is a chronic idiopathic disorder of the central nervous system (CNS) sustained by a multifocal inflammatory process predominantly affecting myelin-sheathed axons. Although traditionally viewed as a white matter (WM) demyelinating disorder, MS is characterized by acute and chronic axonal and neuronal loss, as shown for long by pathological and neuroimaging studies \[[@B1], [@B2]\]. Acute inflammation causes the development of plaques, characterized by blood-brain barrier (BBB) breakdown, perivascular cellular infiltration, demyelination, and axonal degeneration. Notably, axonal damage occurs not only in the acute phase but also in inactive MS lesions \[[@B3], [@B4]\]. Plaques represent the underlying pathological substrate of clinical events, with occurrence of focal/multifocal neurological symptoms and signs that eventually subside in many cases as inflammation ceases. Lesions may also involve the cortical gray matter (GM) in which case they are characterized by myelin/axonal injury and microglial activation but not BBB disruption \[[@B5]\] and less cellular infiltration compared to WM lesions \[[@B6], [@B7]\]. It is increasingly perceived that the severity of MS clinical outcome does not simply result from the extent of WM damage, but it rather represents a complex balance among WM and GM tissue damage, tissue repair, and cortical reorganisation \[[@B8]--[@B10]\]. The evidence that axonal loss highly correlates with neurological disability and disease progression \[[@B2]\] has spurred the search for reliable markers of axonal degeneration.

Although MS aetiology still remains undetermined, genetic and environmental risk factors have been identified or are suspected (i.e., female gender, HLA-DRB1 allele, genome-wide association studies candidate genes, Epstein-Barr virus infection, low vitamin D levels, cigarette smoking, etc.) mainly influencing immune system modulation and---although much less evidently---myelin and axonal repair mechanisms \[[@B11]--[@B15]\]. The complex and unique interplay between genetic background and environmental exposure in each case likely determines the clinical heterogeneity of MS---both between and within subjects---varying from benign or even subclinical types to highly disabling forms and making it a challenge to predict the clinical course at the individual level. Given that MS is mostly diagnosed in subjects in the third and fourth decade of life, the availability of reliable predictors of long-term prognosis is extremely important.

The objective of this paper is to review the current literature and to discuss evidence on clinical, paraclinical, magnetic resonance imaging (MRI), and cerebrospinal fluid (CSF) markers as predictors of disability progression in MS.

2. Clinical and Paraclinical Markers of Disability Progression {#sec2}
==============================================================

The typical clinical course of MS is relapsing-remitting (RR), characterized by an initial event of acute or subacute neurological disturbance, generally indicated as clinically isolated syndrome (CIS) followed by recurrence of symptoms over time. CIS is the type of onset in around 85% of MS cases, while the remaining 15% of patients have a progressive disease from onset (primary progressive (PP) MS) \[[@B16]\]. Progressive onset is an unfavourable prognostic predictor *per se*, since motor, sphincter control, and cognitive impairment are prominent features of the clinical picture, neurological disability continues to worsen over time, and no effective treatment exists \[[@B17]\]. Conversely, CISs generally recover well and may remain monophasic for a long time interval before conversion to clinically definite MS occurs. Since CIS represents the earlier clinical manifestation of RR MS, this patient population is of great value for identification of predictive and prognostic disease markers compared to definite MS cases who are necessarily in a more advanced stage. Typical CIS presentation includes acute partial myelitis (30--50% of cases), brainstem/cerebellum syndromes (25--30%) unilateral optic neuritis (20--25%), and cerebral hemisphere syndromes (5%); more than 20% of CISs present with symptoms and/or signs of more than one anatomical location (multifocal presentation) \[[@B18]--[@B20]\]. The percentage of CIS patients who develop clinically definite MS in prospective observational studies ranges from 16% at 1 year to 80% at 25 years \[[@B21], [@B22]\]. However, these figures date back to studies conducted before the introduction of the most recent revision of MS diagnostic criteria according to which patients previously classified as CIS already have MS at the time of initial symptoms if MRI demonstrates space and time dissemination of demyelinating lesions \[[@B23]\].

After MS develops, irreversible disability may be the result of accumulation of fixed *sequelae* after each attack or may be due to transition to a secondary progressive (SP) phase, in which insidious neurological deterioration substitutes the preceding RR stage of the disease (32--58% of cases in major prospective studies) \[[@B24]\]. Clinical predictors of long-term disability in MS include male gender, older age, multifocal symptoms, efferent systems involvement, incomplete remission of the initial event, a short interval to the second event, and high relapse rate in the first 2--5 years after onset, although not all studies replicated the same findings ([Table 1](#tab1){ref-type="table"}) \[[@B25]--[@B29], [@B26], [@B30], [@B31], [@B32]\]. One single study reported a shorter time to secondary progressive MS in patients with family history of MS \[[@B33]\]. The relevance of age as a prognostic factor is subject to interpretation depending on the temporal frame in which disability levels are captured. Indeed, while older age at onset is associated with a more rapid disability progression---likely due to prevalence of the primary progressive disease course, age-dependent degenerative processes, and dysfunction of repair mechanisms in older subjects---early onset MS patients reach disability milestones at a younger age compared to late onset MS cases, even though in a longer time interval \[[@B28], [@B34]\]. This has been reported also in the paediatric population \[[@B35]\]. In addition, it has been shown that the progressive phase of MS is an age- rather than a disease duration-dependent process, since age at PP and SP MS onset overlaps significantly in large observational studies and subsequent disability progresses along a common age-driven trajectory independent of onset epoch and previous clinical course \[[@B36]\]. In this perspective, older age at onset may be viewed as a favourable prognostic factor, meaning a longer disease-free interval before MS symptoms occurrence in life and an older age at which significant disability milestones are reached, compared to early onset \[[@B24]\]. Also the influence of relapses on later disability progression is debated. According to the authors who found a positive correlation between relapses and long-term disability, the association is stronger in younger patients (\<25 years old at MS onset), it diminishes significantly after the first 2--5 years of disease, and it is minimal after the progressive phase has begun \[[@B37], [@B38]\].

A sizable proportion of MS patients does not accumulate clinically relevant disability during the entire natural history of the disease. This type of course is known as benign MS, although there is no general agreement on its definition and consequently, on its prevalence in the MS population \[[@B39]\]. While initial definitions predominantly stressed the absence of significant ambulatory disability (expanded disability status scale (EDSS) score \< 3.5 or 2.5) \[[@B40]\] after a reasonable time interval from initial symptoms (10 or 15 years) \[[@B41], [@B42]\], more recent studies highlighted the importance of carefully considering cognitive status and quality of life when defining benign MS \[[@B43]\]. Indeed, EDSS, which is the most largely used disability scale in MS clinical practice, is clearly unbalanced towards ambulation impairment. Scores range from 0 meaning no disability to 10 meaning death due to MS: from score 1 to 3.5, there can be a wide range of neurological deficit but ambulation is unrestricted; from 4 to 5.5, independent ambulation is below 500 meters; from 6 to 7.5, ambulation is only possible with support; and from 8 on, the patient is wheelchair-bound or bedridden.

Whatever the definition, it has been shown that benign status at 10 years after MS onset persist at 20 or more years in 52--69% of patients, leading to the conclusion that benign MS is a transient condition for a considerable proportion of cases \[[@B42], [@B44]--[@B46]\]. However, studies addressing this topic are generally limited by the clinic-based design in which MS patients with mild disease who are not seen on a regular basis in the neurology practices are not included in the analysis falsely reducing the proportion of benign cases. There are no diagnostic tools or validated markers to identify MS patients who will have a favourable clinical course; however, female gender, younger age, and absence of motor symptoms at onset have been associated with a benign disease form \[[@B47]\].

Neurophysiological assessment with visual, somatosensory, motor, and brainstem auditory evoked potentials is traditionally used as a paraclinical tool for MS evaluation, although its diagnostic relevance has progressively decreased after MRI became largely available as a more sensitive technique. However, evoked potentials still maintain a prognostic significance likely because they reflect the functional integrity of specific anatomical pathways and consequently tend to better correlate with neurological disability than conventional MRI, which provide purely morphological information. Several cross-sectional and longitudinal studies established that the degree of evoked potentials abnormalities is significantly associated with the EDSS score at the time of neurophysiological evaluation and up to 14 years later in patients with MS \[[@B48]--[@B53]\]. A recent study found that CIS patients with at least three abnormal evoked potentials at baseline have an increased risk of reaching moderate disability over a mean follow-up period of six years, independent of initial MRI features \[[@B54]\].

In recent years optical coherence tomography (OCT) has emerged as a powerful tool to detect retinal nerve fiber layer (RNFL) thinning in MS patients with and without optic neuritis history \[[@B55]\]. RNFL thickness decrease results from axonal loss in optic nerve, possibly reflecting diffuse neuroaxonal injury in the CNS, and correlates with markers of MS activity such as relapses, new/gadolinium-enhancing lesions, and parenchymal atrophy on brain MRI \[[@B56], [@B57]\]. The extent of RNFL thinning in optic neuritis patients predicts visual recovery and exhibits a modest correlation with overall neurological disability in MS patients. It has been recently suggested that thinning of inner and outer nuclear layers of the retina identifies a subset of MS patients with primary retinal neuronal pathology and more aggressive disease course \[[@B58], [@B59]\].

3. MRI Markers of Disability Progression {#sec3}
========================================

Given its increased availability and its sensitivity in detecting MS lesions, conventional MRI has become the main imaging tool in the MS diagnostic work up as well as in monitoring treatment response to disease-modifying drugs \[[@B60]\]. Its diagnostic sensitivity reflects the ability to identify clinically silent lesions, thus, favouring the early demonstration of dissemination in space and time of the lesions ([Figure 1](#fig1){ref-type="fig"}) according to the recent revision of diagnostic criteria \[[@B23]\].

However, while it may seem obvious that patients who develop new WM lesions are worse off than those without new lesions, conventional MRI has been shown to have a prognostic value only in patients at disease onset: high T2-weighted lesion load in patients with a CIS has been associated with an increased risk of subsequent conversion to clinically definite MS and long-term disability accumulation \[[@B61], [@B62]\]. By contrast, in a more advanced phase of the disease, the strength of relationship between conventional MRI measures and subsequent disability progression is rather weak \[[@B63], [@B64]\]. In a recent study including 548 placebo-treated RR MS patients, the multivariate analysis indicated just EDSS score and T2 lesion load as factors independently predicting the clinical progression. Nevertheless, these two variables taken together were able to account for only 3% of the probability to have an EDSS increase over follow-up time, thus, confirming the limited value of these metrics in predicting short-term disability changes in RR MS \[[@B65]\]. Such result is in line with those of several previous cross-sectional and longitudinal studies conducted on smaller groups of patients with different clinical characteristics, which have shown only modest correlation between T2- and T1-weighted brain MRI activity and subsequent changes in disability \[[@B66]--[@B68]\].

Although EDSS is not without limitations in terms of reliability and responsiveness to disease changes, the lack of a strong correlation between WM lesion load and clinical disability had prompted investigations of the so-called normal-appearing brain tissue. For this purpose, unconventional and quantitative MRI techniques, having increased sensitivity and specificity to irreversible tissue damage, have been consistently applied to monitor and predict MS evolution.

Given these premises, several studies have been focused on brain atrophy showing its relevant clinical impact not only in the diagnostic phase \[[@B69]\] but also in predicting subsequent disability progression both in RR MS \[[@B70]\] and in PP MS \[[@B71]\] ([Figure 2](#fig2){ref-type="fig"}). A recent study published by the MAGNIMS group, included 261 MS patients who had MR imaging at baseline and after 1-2 years and EDSS scoring at baseline and after 10 years; in the whole patient group, after correction for imaging protocol, whole brain and central atrophy were good predictors of EDSS at 10 years (*R*^2^ = 0.74) \[[@B72]\].

Despite the good sensitivity of brain atrophy, even better results in predicting disability progression have been further achieved by the regional analysis of brain atrophy. Jasperse and colleagues, for example, suggested that atrophy of central brain regions was related to decline in ambulatory function, whereas atrophy of both central and peripheral brain regions was associated to decline in neurologically more complex tasks for coordinated hand function \[[@B73]\].

The best results, however, have been obtained by the study of GM and WM atrophy separately. Indeed several voxel-based and surface-based studies, both in RRMS and in PPMS, revealed strong relationship between GM, but not WM, atrophy and disability progression \[[@B74]--[@B76]\]. Even when a very long followup, a very large sample size, or more sophisticated disability scales (i.e., MS Functional Composite) were considered, GM atrophy reflected disease subtype and disability progression to a greater extent than WM atrophy or lesions \[[@B76]--[@B78]\].

A further step forward in the comprehension of the pathological mechanisms underlying the accumulation of irreversible disability in MS was obtained by the regional analysis of GM atrophy; since the first studies, indeed, it was clear that some cortical and deep GM structures were more prone to inflammatory and degenerative damage \[[@B79], [@B80]\] than others and that, when damaged, some cortical areas had a greater impact on the accumulation of physical \[[@B8], [@B81]\] and cognitive disability \[[@B82], [@B83]\] than others. In particular thalamus and cerebellum were consistently related to clinical disability and its progression over time. Thalamus was found to be one of the earliest structures involved by the neuropathological process taking place in the GM and the rate of thalamic atrophy in MS subjects was correlated with changes in EDSS \[[@B80]\]. Moreover, in a longitudinal study, baseline thalamic fraction (odds ratio = 0.62) was identified as independent predictor of worsening disability at 8 years \[[@B84]\]. Cerebellum has been indicated as a preferred site of demyelination, especially in patients with progressive MS, whose cerebellar cortex was found to be affected by MS-related pathology in up to 92% of its extension \[[@B85], [@B86]\]. In a recent 5-year longitudinal study cerebellar cortical atrophy, together with age and cortical lesion load, was indicated among the predictive parameters of progression in those RR MS patients who convert to the SP phase \[[@B31]\].

Beyond diffuse GM damage, the relevance of cortical damage in determining disability has been pointed out by the strong correlation observed between focal GM damage as visible by double inversion recovery (DIR) sequence (i.e., cortical lesions; [Figure 3](#fig3){ref-type="fig"}) and clinical progression. Indeed, high number of cortical lesions has been demonstrated to characterize patients with the poorest prognosis and having early and severe cortical atrophy and cognitive impairment \[[@B87]\]. In a 5-year longitudinal study on more than 300 MS patients with different clinical phenotypes, cortical lesion volume and GM atrophy were found to be associated to each other and to physical and cognitive disability progressions. Patients having high cortical lesion load at baseline showed the worse clinical evolution and a significant progression of cortical atrophy after 5 years. This was observed in all clinical subsets \[[@B88]\].

Of course a complete and accurate evaluation of the risk of clinical progression should not disregard the evaluation of spinal cord damage that has suggested as a major determinant of disability in patients with MS \[[@B89]\]. In line with what has been happened for the brain damage, the application of quantitative MRI techniques to the spinal cord damage has convincingly demonstrated that cord area, rather than T2 lesion load, might have a role in predicting the accumulation of disability \[[@B90], [@B91], [@B92]\].

In the last 10 years, finally, other non-conventional sequences have received considerable attention since their high sensitivity for the most disabling pathological features of MS (i.e., irreversible demyelination and neuroaxonal injury) and their ability to detect "occult" changes occurring in the normal-appearing brain tissue. Among these unconventional techniques magnetization transfer and diffusion tensor imaging gave the most interesting results. In 73 patients, who were followed prospectively with clinical visits for a median period of 8 years, a multivariable model identified baseline GM magnetization transfer ratio histogram peak height and average lesion magnetization transfer ratio percentage change after 12 months as independent predictors of disability worsening at 8 years (*r*^2^ = 0.28) \[[@B93]\]. In a longitudinal study on 54 primary progressive MS patients, lower level of disability and GM damage evaluated at study entry on the base of average GM mean diffusivity identified patients with high risk of disease progression over the following 5 years \[[@B94]\]. In a more recent prospective study fractional anisotropy of normal appearing GM and T2 lesion load were independent predictors of EDSS score, while change in fractional anisotropy of normal appearing GM (*B* = 0.523) and disease duration (*B* = 0.342) were independent predictors of EDSS change \[[@B95]\]. Finally, the application of diffusion tensor imaging to the spinal cord damage revealed that baseline cord cross-sectional area and its fractional anisotropy correlated with increase in disability at follow-up \[[@B96]\].

All together these studies confirmed that neurological and neuropsychological disability in MS are likely the consequence of both visible and invisible WM and GM damage. The strength of correlation between GM tissue loss and progression of disability exceeds that related to WM lesions or atrophy ([Table 2](#tab2){ref-type="table"}). Unfortunately, GM damage is poorly evaluated by conventional MRI and to achieve more accurate estimates of such a damage it requires multiparametric MRI approach including unconventional and quantitative MRI techniques, many of which are not yet available or practicable in routine diagnostics.

4. CSF Markers of Progression {#sec4}
=============================

The examination of CSF represents a valuable procedure in investigating a number of inflammatory and degenerative neurological disorders. In addition to the classical biochemical and electrophoretic approaches, the proteome complexity of CSF can be tackled today by a number of methods, hence, indicating that scientists involved in this frontier are fishing in the right pond. However, in a disorder with a complex pathogenesis, such as MS, individual biomarkers, taken singly, are likely to reflect only isolated components of ongoing neuroinflammation and neurodegeneration, hence, lacking prognostic significance. Moreover, most of the investigated MS biomarkers, while of invaluable diagnostic help, are currently unsuitable for predicting disease progression.

According to their biological role, molecules of potential prognostic significance for MS may be classified as follows: (i) markers of immune activation (e.g., cytokines, chemokines, antibodies, complement factors, adhesion molecules, etc.); (ii) markers of blood-brain barrier disruption (e.g., matrix metalloproteinases); (iii) markers of demyelination (e.g., myelin basic protein, myelin oligodendrocyte glycoprotein, proteolytic enzymes, proteases inhibitors, etc.); (iv) markers of oxidative stress and cytotoxicity (e.g., advanced oxidation protein products, total thiol, hydroxyl radicals, divalent iron, etc.); (v) markers of axonal/neuronal damage and gliosis (e.g., neurofilaments, tau, 14-3-3 protein, glial fibrillary acidic protein, etc.); and (vi) markers of remyelination/neural repair (e.g., nerve growth factor, brain-derived growth factor, Nogo-A, etc.).

A correlation with MS disability progression over time has been suggested for several CSF markers, including but not limited to 14-3-3 protein \[[@B97]\]; tau \[[@B98]\]; neurofilament heavy chain \[[@B99], [@B100]\]; chitinase 3-like 1 \[[@B101]\]; and cystatin C \[[@B102]\]. CSF IgG oligoclonal bands, which have a recognized relevance for the diagnosis of MS and predict conversion from CIS to MS, do not influence the long-term risk of disability, although a contrasting observation has been described \[[@B103]\]. Conversely, CSF oligoclonal IgM, particularly if directed against myelin lipids, have been associated with a poor MS outcome in terms of frequency of relapses and disability progression \[[@B104], [@B105]\]. Several CSF markers of inflammation have been investigated for potential prognostic value in CIS and early MS patients. Some studies have identified novel biological predictors of conversion from CIS to MS, for instance measles-rubella-varicella zoster virus IgG antibody reaction (MRZR) and high levels of C-X-C motif ligand 13 (CXCL13) and in the CSF. However, no predictive value for progression of disability has been shown for such molecular candidates \[[@B106], [@B107]\].

Since neurodegeneration is regarded as the biological determinant of irreversible neurological disability in demyelinating disorders, CSF markers of neuroaxonal injury (e.g., tau, 14-3-3 protein, and neurofilaments) are the most promising candidates for predicting disease progression \[[@B108], [@B109]\]. CSF tau concentration in MS patients with both relapsing and progressive forms of the disease has been reported to be higher compared to controls in several studies \[[@B98], [@B110]--[@B114]\], although other researchers did not replicate this finding \[[@B115]--[@B117]\]. A correlation between CSF tau and progression of disability in MS patients has been shown only in one 3-year follow-up study \[[@B98]\]. In a small group of patients with CIS and clinically definite MS, investigated either at the acute attack (i.e., within 30 days) or several weeks or months later, our group found values of tau within normal limits \[[@B118]\], a finding that we later confirmed in a larger mostly independent cohort of CIS patients \[[@B32]\]. Interestingly, it has been shown that CSF tau levels decrease during the course of MS, as a likely effect of progressive parenchymal brain loss, hence, showing a negative correlation with clinical severity \[[@B119]\]. The latter findings are consistent with studies showing progressive brain atrophy in MS patients, regardless of disease subtype \[[@B120]\]. Taken together, while the determination of CSF tau concentration in MS deserves further scrutiny, it is possible that in a subset of MS patients, this protein represent a reliable marker of axonal injury. Conversely, available evidence shows that determination of p-tau has no value as a biomarker.

14-3-3 protein has also been detected in the CSF of subjects with CIS/MS by several \[[@B97], [@B122], [@B111], [@B121], [@B123]\] but not all research groups \[[@B114]\]. Martínez-Yélamos et al. showed that a positive CSF 14-3-3 assay at the first neurological event suggestive of MS predicted the development of significant neurological disability over a median follow-up period of 32 months \[[@B97]\], while Colucci et al. found that 14-3-3 positive MS patients had a higher rate of EDSS progression over 10 months compared to 14-3-3 negative cases \[[@B122]\]. Fiorini et al. found variable upregulation of CSF 14-3-3 *β*/*ζ* in CIS/MS patients investigated at active or inactive disease stages (as observed in other inflammatory/demyelinating conditions) but not overexpression of 14-3-3 *γ* and *ε*, the isoforms typical of disorders characterized by ongoing axonal and neuronal degeneration, such as sporadic Creutzfeldt-Jakob disease (sCJD) and motor neuron disease \[[@B118]\]. These findings encourage an in-dept-analysis in larger cohorts of patients, before ruling out the usefulness of this biomarker.

Among CSF biomarkers of neurodegeneration that have been tested in MS, neurofilaments seem to stand out for potential prognostic value. Neurofilament heavy and light chain proteins (NFH and NFL, resp.) concentrations are increased in the CSF of MS patients compared to age-matched normal controls. Furthermore, CSF NFL levels seem to better correlate with MS acute inflammatory activity (higher levels in CIS patients who convert to MS and during relapse compared to remission phase), while CSF NFH concentrations appear to be related to irreversible neuroaxonal injury as indicated by the correlation with confirmed EDSS score progression and brain atrophy both in cross-sectional and longitudinal studies \[[@B128], [@B125], [@B117], [@B124]--[@B127]\].

[Table 3](#tab3){ref-type="table"} shows CSF markers for which a correlation with MS disability progression has been reported in longitudinal studies.

5. Conclusive Remarks {#sec5}
=====================

Complexity and heterogeneity are the clinical and pathogenetic hallmarks of MS. After diagnosis, which is not straightforward in all cases, clinicians have to be prepared for the challenge of prognostic predictions in order to give adequate responses to patients concern about their future life with MS. Among the determinants of MS burden, development of irreversible neurological disability, particularly when affecting motor and cognitive functions, has the highest impact on patients quality of life and health system costs. Therefore, prognostic markers of long-term disability progression are strongly needed in MS.

A prognostic marker is a specific parameter or a combination of parameters that can be measured in a subject with a given condition and that is significantly correlated with a relevant clinical outcome of that condition. Ideally, reliable prognostic marker studies should fulfil the following methodological requirements: (1) prospective or longitudinal design; (2) long-term followup; (3) adequate marker and outcome measurement; (4) clinical significance of the marker (i.e., good correlation and consistency with relevant clinical outcomes); and (5) reproducibility \[[@B129]\].

Clinical prognostic markers that are associated with an increased risk of disability progression in the longterm (e.g., male gender, older age, progressive onset, etc.) have been identified in several MS natural history studies. However, besides identifying subjects who are more likely to experience a severe disease course, such markers do not offer real advantages in terms of prediction potential, since they are not modifiable risk factors, do not directly reflect biological processes, and do not generally distinguish between responders and nonresponders to available MS treatments.

Conversely, MRI and CSF parameters, which can be classified as biomarkers as they express more closely biological mechanisms underlying the disease pathophysiology, have a good potential of quantitative assessment as well as variation according to disease stage. Considering the complex pathogenesis of MS, however, no single biomarker is expected to have absolute prognostic significance. However, families of biomarkers representative of specific pathogenetic pathways---particularly those related to axonal/neuronal damage---may correlate with irreversible neurological dysfunction and be used as prognostic indicators to identify patients at risk of a more aggressive disease course. Furthermore, such a biomarker might be helpful for identifying patients who could benefit from therapy in case it showed a reliable correlation with the response to a given treatment. Unfortunately, no conventional MRI measure has shown strong correlation with long-term disability progression in MS, while unconventional MRI techniques---particularly those assessing GM damage---are currently being investigated with promising results, although they are still difficult to apply in clinical settings. On the other hand, research on CSF biomarkers has gathered convincing preliminary evidence only for NFH and NFL as predictors of disability progression. So far, biomarkers studies have mainly focused on selected candidates and have generally recruited relatively small sample of cases with a cross-sectional design, often showing conflicting results. It is likely that discrepancies across studies are at least in part explained by differences in selection of patients, marker measurement, and outcome assessment. Although a considerable level of international agreement has been reached on methodological requirements of MRI studies in MS, an effort is being made by the CSF markers research community in order to standardize collection and biobanking of samples from well clinically characterized MS patients to develop reproducible laboratory assays for CSF analysis and to find common definitions of healthy and diseased controls \[[@B130], [@B131]\].

To identify reliable prognostic markers, future MS research will need to focus on large longitudinal observational studies and clinical trials exploring the correlation of unconventional MRI measures and selected CSF proteins with the development of irreversible neurological disability.

![Different types of white matter lesions in MS. (a) Periventricular lesions (Dawson\'s fingers); (b) lesions in the corpus callosum; (c) spinal cord lesion; (d) active lesion; and (e, f) reactivated lesion with classical "ring" contrast enhancement (f).](DM35-06-484959.001){#fig1}

![Axial volumetric T1 weighted images of a relapsing-remitting (RR) MS patient with EDSS = 1.5 (a) and of a secondary progressive (SP) MS patient with EDSS = 5.5 (b). The SP patient showed significant whole brain and grey matter atrophy compared to RR patient.](DM35-06-484959.002){#fig2}

![Two contiguous red coloured axial brain MRI scans acquired with double inversion recovery sequence in a relapsing-remitting MS patient. Several intracortical lesions have been identified (arrows).](DM35-06-484959.003){#fig3}

###### 

Clinical markers of MS disability progression reported in longitudinal natural history studies.

  Marker                    Findings                                                                                                                                                                                References
  ------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------
  Male gender               Shorter time to walking assistance need (i.e., EDSS score 6) and/or transition to the SP phase                                                                                          \[[@B25]--[@B133]\]
  Older age                 Older age at onset associated with shorter time to EDSS 6 and/or to SP phase                                                                                                            \[[@B25]--[@B132], [@B26], [@B30]\]
  Progressive course        PP MS patients reach relevant disability milestones in a significantly shorter time compared to RR MS cases                                                                             \[[@B25]--[@B29], [@B26]\]
  Multifocal presentation   Symptoms/signs of multiple CNS sites involvement at onset are associated with shorter time to EDSS 6 and/or SP phase compared to monofocal presentation                                 \[[@B29], [@B26]\]
  Motor symptoms            MS patients with pyramidal and/or cerebellar involvement at onset reach EDSS 6 more rapidly compared to patients with optic nerve or sensory symptoms (no influence on time to SP MS)   \[[@B25], [@B27]\]
  Incomplete recovery       Shorter time to EDSS 6 and/or transition to the SP phase                                                                                                                                \[[@B27], [@B29], [@B26]\]
  Relapse rate              Shorter time to second attack and higher relapse number in first 2--5 years after onset are associated with more rapid progression to EDSS 6 and transition to the SP phase             \[[@B25], [@B27], [@B29], [@B133], [@B37]\]

EDSS: expanded disability status scale; PP: primary progressive; RR: relapsing remitting; SP: secondary progressive.

###### 

MRI markers.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Marker                                          Disease phase                                         Findings                                                                                                                                                                                                                                                                References
  ----------------------------------------------- ----------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------
  T2 lesion load                                  CIS                                                   Good association with conversion to definite MS                                                                                                                                                                                                                         \[[@B63]--[@B67]\]

  Later in the RR phase                           Weak association with disability (EDSS) progression                                                                                                                                                                                                                                                                           

  T1 lesion load                                  RR                                                    The change in T1 lesion volume correlated more strongly with disability progression than did T2 lesion volume change                                                                                                                                                    \[[@B68]\]

  Brain atrophy                                   CIS, early RR, and PP                                 Whole brain and central atrophy were good predictors of EDSS at 10 years (*R*^2^ = 0.74)                                                                                                                                                                                \[[@B70]--[@B73]\]

  GM atrophy                                      Early RR and PP                                       Good relationship with disability progression (definitely better than WM atrophy)                                                                                                                                                                                       \[[@B74]--[@B78]\]

  Regional GM atrophy                             CIS, RR, and PP                                       Good correlation with disability progression and cognitive dysfunction: rate of thalamic atrophy in MS subjects was correlated with changes in EDSS;\                                                                                                                   \[[@B31]--[@B83]\]
                                                                                                        cerebellar cortical atrophy was indicated among the predictive parameters of progression in those RR MS patients who converted to the SP phase                                                                                                                          

  GM lesion load                                  Early and long-standing RR                            Good association with GM atrophy and progression of physical and cognitive disability                                                                                                                                                                                   \[[@B88]\]

  Spinal cord area                                CIS and early RR                                      Cord area, rather than T2 lesion load, might have a role in predicting the accumulation of disability                                                                                                                                                                   \[[@B89]--[@B91]\]

  GM magnetization transfer ratio                 CIS, RR, and SP                                       GM magnetization transfer ratio histogram peak height and average lesion magnetization transfer ratio percentage change after 12 months were independent predictors of disability worsening at 8 years (*R*^2^ = 0.28)                                                  \[[@B93]\]

  GM mean diffusivity and fractional anisotropy   RR and PP                                             Average GM mean diffusivity, identified patients with high risk of disease progression over the following 5 years; change in fractional anisotropy of normal appearing GM (*B* = 0.523) and disease duration (*B* = 0.342) were independent predictors of EDSS change   \[[@B94], [@B95]\]
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CIS: clinically isolated syndrome; EDSS: expanded disability status scale; GM: grey matter; PP: primary progressive; RR: relapsing remitting; SP: secondary progressive; WM: white matter.

###### 

CSF markers of MS disability progression reported in longitudinal studies.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Marker             Findings                                                                                                                                                                                                                                                     References
  ------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------
  14-3-3 protein     14-3-3 positive CIS patients group reached more frequently EDSS ≥ 2.0 at the end of the 32 months follow-up period compared to 14-3-3 negative CIS cases (57% versus 20.5%; *P* = 0.05)                                                                      \[[@B97]\]

                     14-3-3 positive patients had higher EDSS progression rate over 8.5 months following lumbar puncture                                                                                                                                                          \[[@B122]\]

  Tau                RR MS patients with higher CSF tau experienced a more rapid one point increase in the EDSS score during a mean followup of 3 years                                                                                                                           \[[@B103]\]

  NFL                Significant correlation between CSF NFL levels\                                                                                                                                                                                                              \[[@B128]\]
                     and EDSS progression over 10 years                                                                                                                                                                                                                           

                     Higher multiple sclerosis severity score and higher rate of conversion from RRMS to SPMS at 14 years followup in cases with high CSF NFL levels compared to those with undetectable or intermediate NFL levels                                               \[[@B125]\]

  NFH                Correlation with EDSS at 3 years followup in relapsing and progressive MS patients (*R* = 0.54; *P* \< 0.01)                                                                                                                                                 \[[@B99]\]

                     Correlation with EDSS score 6--8 weeks after relapse onset (*R* = 0.46; *P* = 0.04)                                                                                                                                                                          \[[@B100]\]

  IgM OB             MS patients with positive IgM OB recognizing myelin lipids reached higher disability compared to cases with positive IgM OB not-recognizing myelin lipids over a mean follow-up time of 61 months (mean EDSS score 2.2 ± 0.2 versus 1.2 ± 0.2; *P* = 0.02)   \[[@B104]\]

                     Positive IgM OB were an independent predictor of the probability of reaching EDSS score 3 or 4 in RR MS patients at 5 and 10 years followup endpoints                                                                                                        \[[@B105]\]

  Chitinase3-like1   High levels were associated with disability progression during followup in CIS patients who converted to MS                                                                                                                                                  \[[@B101]\]

  Cystatin C         Correlation with EDSS score at last visit (median followup = 6 years) in patients with recurrent myelitis and spinal onset MS (rho = 0.69; *P* = 0.03)                                                                                                       \[[@B102]\]
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CIS: clinically isolated syndrome; NFH: neurofilament heavy chain; NFL: neurofilament light chain; OB: oligoclonal bands.
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